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ABSTRACT
We present the discovery of a slowly-evolving, extragalactic radio transient, FIRST
J141918.9+394036, identified by comparing a catalog of radio sources in nearby galaxies against new
observations from the Very Large Array Sky Survey. Analysis of other archival data shows that FIRST
J141918.9+394036 faded by a factor of ∼50 over 23 years, from a flux of ∼26 mJy at 1.4 GHz in 1993
to an upper limit of 0.4 mJy at 3 GHz in 2017. FIRST J141918.9+394036 is likely associated with the
small star-forming galaxy SDSS J141918.81+394035.8 at a redshift z = 0.01957 (d = 87 Mpc), which
implies a peak luminosity νLν & 3×1038 erg s−1. If interpreted as an isotropic synchrotron blast wave,
the source requires an explosion of kinetic energy ∼ 1051 erg some time prior to our first detection
in late 1993. This explosion could plausibly be associated with a long gamma-ray burst (GRB) or
the merger of two neutron stars. Alternatively, FIRST J141918.9+394036 could be the nebula of a
newly-born magnetar. The radio discovery of any of these phenomena would be unprecedented. Joint
consideration of the event light curve, host galaxy, lack of a counterpart gamma-ray burst, and vol-
umetric rate suggests that FIRST J141918.9+394036 is the afterglow of an off-axis (“orphan”) long
GRB. The long time baseline of this event offers the best available constraint in afterglow evolution
as the bulk of shock-accelerated electrons become non-relativistic. The proximity, age, and precise
localization of FIRST J141918.9+394036 make it a key object for understanding the aftermath of rare
classes of stellar explosion.
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1. INTRODUCTION
Multiple large radio interferometric surveys were con-
ducted in the 1990s with sufficiently high spatial resolu-
tion to facilitate comparison to optical surveys. These
first robust statistical samples enabled novel tests of the
physics of high-redshift quasars (Becker et al. 2000),
star-forming galaxies (Appleton et al. 2004), Galactic
pulsars (Kaplan et al. 2000), constraints on the beam-
ing factors of gamma-ray bursts (GRBs) (Gal-Yam et al.
2006), and more. Today, a new generation of high-
energy, optical, and radio sky surveys are being con-
ducted with a focus on sensitivity to time-domain phe-
nomena like supernovae and GRBs (Gehrels et al. 2004;
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Law et al. 2009; Mooley et al. 2016). The Karl G. Jansky
Very Large Array (VLA) is in the midst of a sky sur-
vey whose design explicitly supports transient science
(“VLASS”; Lacy in prep).
Transient surveys at optical and high-energies have
revolutionized our understanding of relativistic tran-
sients like GRBs (Woosley & Bloom 2006) and tidal dis-
ruption events (TDEs; Bloom et al. 2011; Gezari et al.
2012), but they are less sensitive to the vast majority of
events not beamed in our direction (Frail et al. 2001). In
contrast, radio emission traces the total kinetic energy
(calorimetry) of the interaction of ejecta with the in-
terstellar medium. This makes radio observations valu-
able for transient discovery and unbiased rate estimates
(Frail et al. 2005). Even non-relativistic explosions,
such as the hypothesized magnetar-powered supernovae
(Kasen & Bildsten 2010), may produce radio emission
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at late times, once the supernova ejecta become trans-
parent to free-free absorption and the birth nebula of
the inner engine is revealed (Murase et al. 2016; Metzger
et al. 2017; Nicholl et al. 2017a; Omand et al. 2018). The
recent association of a fast radio burst (FRB; Chatter-
jee et al. 2017) with a luminous, persistent radio source
has suggested that such slowly-evolving radio transients
may provide signposts for the discovery of past ener-
getic events giving birth to FRB-sources (Kashiyama &
Murase 2017; Margalit et al. 2018).
Tremendous effort has been invested in blind radio
transient surveys (Croft et al. 2010; Bower et al. 2010;
Bell et al. 2011; Ofek et al. 2011; Mooley et al. 2013;
Rowlinson et al. 2016; Murphy et al. 2017), but the re-
quirements are severe. For example, orphan-GRB after-
glows require a search at mJy-sensitivity, over 104 deg2,
with multiple epochs over many years (Levinson et al.
2002; Metzger et al. 2015b). This class of radio survey
is only becoming available today by comparison of VLA
surveys from the 1990s (Becker et al. 1995; Condon et al.
1998) to the VLASS.
Ofek (2017) collected a sample of galaxies with lumi-
nosity distance smaller than 108 Mpc (z = 0.025) and
compared them to point sources in the VLA FIRST
survey (Becker et al. 1995). He identified a set of radio
sources with potential association to nearby galaxies and
relatively high luminosities (νLν > 3 × 1037 erg s−1).
Here, we describe the analysis of new data from
VLASS and archival radio data that reveals that one
of these sources, FIRST J141918.9+394036 (hereafter
J1419+3940), is a luminous radio transient. §2 de-
scribes how we discovered the transient in VLASS and §3
presents a radio light curve compiled from multiple tele-
scopes with detections spanning more than two decades.
We also describe the properties of the host galaxy of
J1419+3940, constraints on gamma-ray emission, and
an estimate of the volumetric rate for J1419+3940-like
transients. §4 presents calculations and modeling of
the radio data that suggests that J1419+3940 is either
the afterglow of an orphan GRB, or is the wind nebula
produced in the aftermath of a magnetar powered su-
pernova. We summarize the results and present future
tests of this model in §5.
2. DISCOVERY
The first precise localization of an FRB revealed an
unambiguous association with a luminous, persistent
synchrotron radio source (Chatterjee et al. 2017). Un-
der the assumption that at least a subset of FRBs
should have luminous persistent radio counterparts,
Ofek (2017) identified 122 potential FRB hosts by iden-
tifying radio sources seen toward galaxies. In most cases,
Table 1. VLASS Observations of Ofek (2017) Sources
Source designation SFIRST
a SVLASS
b Spectral index
in FIRST (mJy) (mJy)
J092758.2–022558 2.1 1.54 –0.4
J104726.6+060247 2.9 1.08 –1.3
J235351.4+075835 4.2 3.19 –0.4
J131441.9+295959 2.2 1.83 –0.2
J162244.5+321259. 2.0 1.23 –0.6
J141918.9+394036 20.11 < 0.4 < −5.1
aTypical FIRST peak flux density error is 0.14 mJy.
bTypical VLASS peak flux density error in quick-look
images is 0.12 mJy (statistical) plus 10% (systematic).
the radio sources are active galactic nuclei that reside
in the centers of their host galaxies. However, eleven of
these sources were designated as potentially interesting
as FRB counterparts because they were not located in
their host’s nucleus. Of those eleven, J1419+3940 was
identified as being the most similar to the one known
persistent counterpart to an FRB, both in its luminosity
and its association with a small, star-forming galaxy.
The VLA Sky Survey started observations in late 2017
and the first epoch (“epoch 1.1”) covers 50% of the ob-
servable sky over the frequency range 2 to 4 GHz to a
1σ sensitivity of 120 µJy beam−1. Pipeline processed
images are made available publicly within two weeks of
observation. We searched these images for counterparts
to the 11 most interesting sources in Ofek (2017). Six
of the eleven sources have VLASS coverage in epoch 1.1
and are summarized in Table 1. All of the sources with
VLASS coverage have a 3 GHz flux less than that of the
1.4 GHz flux measured in the FIRST survey. Assum-
ing no variability between FIRST and VLASS, all but
one source have implied spectral indexes (α1.4/3 GHz for
Sν ∝ να) range from –0.2 to –1.3.
One of the sources in Table 1, FIRST J141918.9+394036,
is not detected at 3 GHz to a nominal 3σ limit of
0.37 mJy. We measured fluxes in VLASS quick-look
images with fluxes accurate to 10% (Lacy in prep),
so we estimate a 3 GHz upper limit of 0.4 mJy. The
non-detection implies a factor of 50 drop relative to the
FIRST survey,1 equivalent to a factor of 30 drop at
fixed frequency (assuming a typical synchrotron spec-
tral index of –0.7). The magnitude of this drop is highly
anomalous, and motivated us to search other archival
radio data to more fully characterize this source.
1 Spurious variables and transients were found in FIRST data
prior to 2012 (see Ofek et al. 2010), but those issues have now
been corrected (Helfand et al. 2015).
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3. CHARACTERIZATION
3.1. Radio Transient
As shown in Table 2 and Figure 1, the position of
J1419+3940 has been observed at 24 other epochs by
eight different telescopes over more than four decades.
This includes both wide-field sky surveys and serendip-
itous observations recovered from archives. Below, we
describe the analysis of these radio observations.
3.1.1. VLA Surveys
In addition to the FIRST and VLASS sky surveys
discussed above, J1419+3940 was observed and de-
tected by the NRAO-VLA Sky Survey at 1.4 GHz
(NVSS; Condon et al. 1998). We downloaded images
from all three VLA surveys and used Aegean (Han-
cock et al. 2018) to fit a 2d Gaussian to the total in-
tensity counterpart of J1419+3940 in NVSS, designated
NVSS J141918+394036 (see Table 2). We also exam-
ined the channel-averaged linear polarization data from
NVSS, and see no signal in Stokes Q or U down to a 5-σ
sensitivity of 1.5 mJy, corresponding to an upper limit
on the linearly polarized fraction of 9%.
The most precise localization is measured by FIRST,
which finds (RA J2000, Dec J2000) = (14:19:18.855,
+39:40:36.0) with an uncertainty of 0.′′3 (dominated by
systematics at 1/20 of beam size; White et al. 1997).
We queried the NRAO archive and found that repeated
observations toward J1419+3940 within the FIRST and
NVSS surveys fell within a one week span. A separate
analysis of repeated FIRST observations did not reveal
J1419+3940 as variable on that timescale (Thyagarajan
et al. 2011).
3.1.2. Other Sky Surveys
In the 1980s, the NRAO 91m telescope was used to
conduct sky surveys at 1.4 and 4.85 GHz (Condon &
Broderick 1985; Becker et al. 1991). These surveys are
interesting because they were relatively sensitive and ob-
served only a few years before the first VLA detection
of J1419+3940 in the 1990s. J1419+3940 was not de-
tected in these surveys to limiting flux densities of 100
and 25 mJy at 1.4 and 4.85 GHz, respectively.
Six other sky surveys observed the position of
J1419+3940 at frequencies below 1 GHz: the VLA
at 74 MHz (VLSSr), the GMRT at 150 MHz (TGSS),
the MSRT at 232 MHz (Miyun Survey), WSRT at 325
MHz (WENSS), the Texas Interferometer at 365 MHz
(Texas Survey), and the Northern Cross at 408 MHz
(Bologna Sky Survey). None of these surveys detected
the transient (see Table 2).
WENSS is not only the most sensitive of the low-
frequency surveys, but it observed this field within a few
months of VLA observations near the (apparent) peak
brightness at 1.4 GHz. Assuming a months-scale evolu-
tion in the J1419+3940 radio brightness, the WSRT and
FIRST observations are effectively simultaneous and the
WSRT non-detection limits the spectral index near peak
flux, α0.35/1.4 > +0.6.
The Allen Telescope Array (ATA) observed J1419+3940
as part of a 690 deg2 region at 1.4 GHz (the ATATS
survey; Croft et al. 2010). No counterpart was detected
above its 3σ flux density upper limit of 12 mJy.
3.1.3. WSRT Archives
A search of the WSRT archives revealed a series of
observations of NGC 5582 (roughly 10′ away) as part of
the ATLAS-3D project (Serra et al. 2012). In total, ten
epochs of observing were made in 2008 and 2010 with
a bandwidth of 20 MHz centered at 1.415 GHz (Oost-
erloo, Morganti and Serra, in prep). The data, which
are in total intensity only, were calibrated and corrected
for primary-beam attenuation with MIRIAD (Sault et al.
1995), and images at each epoch detect J1419+3940
with a significance of roughly 20σ.
We modeled the source in FITS images with Aegean
and quote peak flux densities in Table 2. The statisti-
cal errors are roughly 0.1 mJy, but a joint analysis of
all sources in the field suggests that there are significant
systematic effects also. We find that the standard devi-
ation of peak flux for all sources scales with brightness
and has a minimum of 0.2 mJy. We add this value to the
statistical error in quadrature for all analysis presented
here.
The WSRT fluxes for J1419+3940 in Table 2 do not
show a purely secular decay, but instead suggest some
small level of gradual variability up and down across
epochs. To assess the possibility of short-term flux vari-
ability, we identified 22 other unresolved sources within
the WSRT field of view, each detected at all or almost all
epochs, and ranging in flux from 1 to 380 mJy. For each
source, we extracted fluxes at each epoch, and computed
the mean flux µ, standard deviation σ, and modulation
index m ≡ σ/µ. J1419+3940 has m = 0.21, which is
larger than for any of the other 22 sources, for which the
mean value is m = 0.10 ± 0.05. However, the first flux
measurement was made two years prior to the others, so
the apparent long-term decay of the flux of J1419+3940
increases the modulation index. If we disregard the flux
point from 1998, we find m = 0.17 for J1419+3940,
which is comparable to that for other millijansky sources
in the field: for example, FIRST J142131.9+392355 has
a mean WSRT flux of 1.5 mJy with m = 0.20 and a
randomly jittering flux across the WSRT epochs, but
has a somewhat different FIRST flux of 2.3 mJy; on the
4 Law et al.
Table 2. Radio Observations of J1419+3940. All fluxes have been corrected for primary beam attenuation.
Telescope Date Freq. Peak Flux Observation Name
(year) (GHz) mJy
TI 1975 0.365 < 400 Texas Survey
N. Cross 1977 0.408 < 100 Bologna Sky Survey
NRAO 91m 1983.3 1.4 < 100 GBNSS
NRAO 91m 1987 4.85 < 25 GB6
MSRT 1993.03 0.232 < 180 Miyun survey
VLA 1993.87 1.465 26± 2 AB6860
VLA 1993.87 0.325 < 174 AB6860
WSRT 1994.31 0.325 < 9 WENSS survey
VLA 1994.63 1.40 20.77± 0.17 FIRST survey
VLA 1995.32 1.40 16.10± 0.51 NVSS survey
VLA 2005.20 0.074 < 74 VLSSr survey
WSRT 2008.54 1.415 2.5± 0.2 ATLAS-3Da
ATA 2009.12 1.43 < 12 ATATS
WSRT 2010.53 1.415 2.1± 0.2 ATLAS-3D
WSRT 2010.55 1.415 1.9± 0.2 ATLAS-3D
WSRT 2010.57 1.415 1.9± 0.2 ATLAS-3D
WSRT 2010.59 1.415 1.4± 0.2 ATLAS-3D
WSRT 2010.59 1.415 1.2± 0.2 ATLAS-3D
WSRT 2010.61 1.415 1.5± 0.2 ATLAS-3D
WSRT 2010.71 1.415 1.6± 0.2 ATLAS-3D
WSRT 2010.79 1.415 1.8± 0.2 ATLAS-3D
WSRT 2010.82 1.415 1.9± 0.2 ATLAS-3D
GMRT 2011.29 0.15 < 30 TGSS survey
VLA 2015.36 1.52 1.1± 0.1 15A-033
VLA 2015.36 3.0 0.75± 0.05 15A-033
VLA 2017.78 3.0 < 0.4 VLASS survey, epoch 1.1
aThe quoted ATLAS-3D flux density errors include an estimate of systematic error added in quadrature to the typical
statistical error of 0.1 mJy.
Note—Upper limits are as quoted in original work, or 3σ when derived from our own analysis.
References— Texas Survey (Douglas et al. 1996), Bologna Sky Survey (Ficarra et al. 1985), GB6 (Becker et al. 1991;
Gregory et al. 1996), GBNSS (Condon & Broderick 1985; White & Becker 1992), Miyun Survey (Zhang et al. 1997), FIRST
(Becker et al. 1995), WENSS (Rengelink et al. 1997), NVSS (Condon et al. 1998), VLSSr (Lane et al. 2014), TGSS (Intema
et al. 2017), VLASS (Lacy in prep), ATLAS-3D (Serra et al. 2012), ATATS (Croft et al. 2010)
other hand, FIRST J142103.2+392448 has µ = 2.2 mJy
and m = 0.15 with a smoothly varying light curve like
seen for J1419+3940, but has a similar FIRST flux of 2.3
mJy. Overall, we conclude that there is the suggestive
possibility from the data that J1419+3940 exhibits flux
variability, but we cannot definitively confirm or rule out
such behavior from the WSRT data.
3.1.4. VLA Archives
A search of the VLA archives revealed two VLA ob-
serving campaigns with useful data toward J1419+3940.
The first of these is a legacy VLA observation AB6860,
which observed in Nov 1993 (about nine months earlier
than FIRST), at both 325 MHz and 1.4 GHz.
We analyzed the AB6860 observations in MIRIAD
and detected the source with a significance of 40σ
at 1.4 GHz (the 325-MHz observations result only in
an upper limit). The AB6860 observations did not
contain a flux calibrator, so the flux scale is esti-
mated via considering the fluxes of six field sources,
all detected at unresolved objects in the FIRST, NVSS
and ten WRST observations described above. Two of
these sources (FIRST J141858.8+394626 and FIRST
J142006.4+393503) show significant (>50%) changes
in flux between epochs, and are assumed to be vari-
able sources. The remaining four sources (FIRST
J142009.3+392738, FIRST J142030.5+400333, FIRST
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Figure 1. The flux density of J1419+3940 as a function of time, starting with our first detection in 1993. Observing frequencies
are shown in three broad ranges (≤ 350 MHz, 1.4 GHz, 3 GHz) encoded with different colors. Upper limits are shown as triangles
and detections as circles. Not shown are five upper limits measured between 1977 and 1987 and three of the upper limits at low
frequencies determined after 1993. The inset figure shows a closer view of the detections made over the last decade.
J142120.6+394110 and FIRST J142123.5+393332) have
consistent fluxes at 1.4 GHz across all 12 epochs of
approximately 35, 12, 15 and 380 mJy, respectively.
Setting the fluxes of these four sources to these val-
ues in the AB6860 data, we determine a 1.4-GHz flux
for J1419+3940 at epoch 1993.87 of 27 mJy. We note
though that there is a 4%–5% difference in observing
frequency between the AB6860 observations and these
other data (see Table 2). Assuming a typical radio
galaxy spectral index for these four calibration sources
of –0.7, and using the scatter between the flux measure-
ments from FIRST, NVSS and WSRT as an estimate
of the uncertainties, we determine a 1.4-GHz flux for
J1419+3940 at this epoch of 26 ± 2 mJy as listed in
Table 2. We see no linearly or circularly polarized emis-
sion from J1419+3940 in these data above a 5σ limit of
∼ 4 mJy, corresponding to a fractional upper limit of
∼ 15%.
The second archival VLA observation was conducted
at 1.4 and 3.0 GHz in 2015 (a “Jansky” VLA project
designated 15A-0332). We calibrated and imaged
this observation using CASA (McMullin et al. 2007).
J1419+3940 is detected in both the 1.4 and 3 GHz bands
at a brightness of about 1 mJy with a significance of
10-15σ. The mean flux across the 1.4 and 3 GHz bands
implies a spectral index of α1.4/3 = −0.6 ± 0.2. This
late-time spectral index measurement has changed sig-
nificantly from the early lower limits on the spectral
index between 0.35 and 1.4 GHz.
3.2. Association with a Host Galaxy
J1419+3940 is located 0.′′5 from the center of the
galaxy SDSS J141918.81+394035.8 (Abolfathi et al.
2018) with an r-band magnitude ∼ 19. The galaxy is
also detected by Pan-STARRS (Chambers et al. 2016),
the Dark Energy Camera Legacy Survey (DECaLS; Dey
et al. 2018), the intermediate Palomar Transient Fac-
2 In a remarkable coincidence, one of us (B.M.G.) was a co-
investigator on this archival observation.
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tory (iPTF; Masci et al. 2017), and the USNO-B survey
(Monet et al. 2003). Figure 2 shows the association of
J1419+3940 with the galaxy. The iPTF DR3 catalog
shows it was detected in 34 epochs spanning 2.3 years
around 2009 and had no significant variability. The
USNO-B1 catalog shows that the galaxy had a similar
magnitude in 1979.
An SDSS spectrum of the galaxy3 finds strong emis-
sion lines indicative of active star formation. These lines
provide a robust redshift measurement of z = 0.01957
(a distance of 87 Mpc using H0 = 67.4 km s
−1 Mpc−1;
Planck Collaboration et al. 2018). At this distance, the
galaxy has an extinction-corrected absolute r-band mag-
nitude of –16 and a size of about 2.5 kpc (6′′ in projec-
tion). The g- and r-band optical images show a clear
enhancement on the east side of the galaxy that is co-
incident with J1419+3940. Dwarf galaxies such as this
one can host supermassive black holes (e.g., Henize 2-10;
Reines et al. 2016), but an enhancement at the galaxy’s
edge is more likely to be an area of enhanced star for-
mation.
SDSS J141918.81+394035.8 is also detected by
WISE,4 which allowed Chang et al. (2015) to combine
with SDSS data to model this galaxy’s star formation
properties. They find that SDSS J141918.81+394035.8
has a stellar mass logM/M = 7.24±0.11, a star forma-
tion rate log SFR/(Myr−1) = −1.2+0.16−0.2 , and specific
star formation rate log sSFR/yr−1 = −8.4 ± 0.2 (95%
confidence intervals). The low mass and high specific
star formation rate make this galaxy similar to the
typical host galaxies of long GRBs and superluminous
supernovae (Japelj et al. 2016).
The FIRST catalog includes about 9.5 × 105 sources
brighter than 1 mJy in an area of 1.1 × 104 deg2. The
probability of a single FIRST source lying within 1′′ of
a host galaxy is about 2 × 10−5. However, the Ofek
(2017) sample was created by associating a large sam-
ple of galaxies with a FIRST source with multiple addi-
tional requirements (e.g., compact radio source, a good
quality radio flux). Considering the combined size of
all compact galaxies under these selection criteria, we
calculate a chance of random association of ∼ 0.1. Al-
though variability was not a selection criterion, we note
that variable FIRST sources are 103 times less com-
3 See https://dr9.sdss.org/spectrumDetail?plateid=1380&
mjd=53084&fiber=534
4 The WISE emission from SDSS J141918.81+394035.8 plus
the FIRST detection of J1419+3940 gave the galaxy an apparent
radio to infrared flux ratio otherwise seen only for radio-loud active
galactic nuclei at redshifts z > 2 (Collier et al. 2014).
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Figure 2. Comparison of J1419+3940 and its host
galaxy as seen by Pan-STARRS in g, r, i, and z
bands. Each panel is centered on the stacked po-
sition of SDSS J141918.81+394035.8 (a.k.a. PSO
J141918.804+394035.996) with contours at 3 and 10 times
the noise in each image. The FIRST radio localization of
J1419+3940 is shown as a black circle with radius 0.′′3.
mon.5 Furthermore, J1419+3940 is coincident with a
star-forming region within the galaxy, which is indepen-
dent confirmation of association under any source model
that scales with star formation. Therefore, from here
forward we assume that J1419+3940 is associated with
SDSS J141918.81+394035.8. However, if this is not the
case and if J1419+3940 is instead a background extra-
galactic source, we note that the energetic requirements
on the transient would further increase.
The association of J1419+3940 with the host allows
us to measure a peak spectral luminosity of 2× 1029 erg
s−1 Hz−1 at 1.4 GHz and νLν & 3× 1038 erg s−1. Since
we do not detect a rising part of the radio light curve,
this is a lower limit on the peak luminosity.
3.3. Search for a Gamma-Ray Counterpart
We have examined the 4Br BATSE gamma-ray burst
catalog (Paciesas et al. 1999) and NASAs “GRB-
CAT” compilation6 for possible GRBs coincident with
J1419+3940 and occurring prior to our earliest radio
detection of J1419+3940 in Nov 1993. We find one
burst, GRB 921220, whose error circle encompasses our
position for J1419+3940. However, the positional un-
certainty for this burst is enormous, covering more than
5 In fact, J1419+3940 is among the most variable FIRST sources
known (Gal-Yam et al. 2006; Thyagarajan et al. 2011).
6 This also includes GRBs detected by other missions and by
the interplanetary network (IPN); see https://heasarc.gsfc.nasa.
gov/grbcat/
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1500 deg2 (∼4% of the entire sky), and we thus do not
find this coincidence significant. The nearest other burst
to J1419+3940 was GRB 911024, whose nominal posi-
tion was 5.0 degrees from J1419+3940, and for which
the statistical positional uncertainty is a circle of radius
4.13 degrees. The full positional uncertainty also in-
cludes a systematic term (see Briggs et al. 1999), which
may make the position of J1419+3940 marginally con-
sistent with GRB 911024. However, given that there are
∼ 1000 known GRBs occurring prior to Nov 1993, the
chances of any random position on the sky falling within
a few degrees of an unrelated GRB is close to unity. We
therefore cannot identify any convincing candidates for
a GRB associated with J1419+3940.
The lack of any obvious gamma-ray counterpart by
BATSE and the IPN is very constraining for nearby
GRBs (Cenko et al. 2013). From 1991 to 1993, Ulysses
was part of the IPN and it had an largely unrestricted
view of the sky. Ulysses was essentially flux complete to
BATSE GRBs above 10−4 erg cm−2 (Briggs et al. 1999;
Hurley et al. 1999). Most GRBs have an isotropic en-
ergy greater than 1051 erg in gamma rays (Amati et al.
2002; Zhang et al. 2009), which corresponds to a fluence
of 10−3 erg cm−2 at a distance of 87 Mpc. The non-
detection by both BATSE and the IPN effectively rules
out the presence of an on-axis GRB. It would not, how-
ever, necessarily rule out the presence of less-energetic
(“low luminosity”) GRBs, which have isotropic energies
∼ 1048 − 1050 erg (e.g., Kaneko et al. 2007) and have
been argued on theoretical grounds to originate from a
distinct emission mechanism, such as shock break-out,
that is more isotropic than the jetted GRB emission
(e.g., Nakar & Sari 2012).
3.4. Rates
J1419+3940 is the only non-nuclear FIRST source
found to be so strongly variable (Table 1) in compar-
ison to VLASS and here we estimate the volumetric
rate of J1419+3940-like transients. While the study
of Ofek (2017) is complete above 1.5 mJy, we estimate
that J1419+3940 would only have been identified if it
were brighter than roughly 4 mJy at peak, since this
would require an unphysically steep spectral index when
compared between 1.4 and 3 GHz. From Figure 1, we
see that the source exceeded 4 mJy for a window of
∆t ∼ 2000 days.
The radio catalog was drawn from the FIRST survey,
which covered ∆Ω ∼ 10, 600 deg2 or 25% of the sky.
Since VLASS epoch 1.1 covers half the visible sky and
about half of the Ofek (2017) catalog, we estimate its
completeness relative to FIRST as fVLASS ∼ 0.5. Ofek
(2017) estimated the completeness of his spectroscopic
galaxy sample as roughly fspec ∼ 30% of the stellar lu-
minosity out to distance of d ∼ 108 Mpc. If we assume
that the event rate scales with stellar luminosity, we find
a volumetric rate of
R ≈ 1 event
∆t(fspecfVLASS∆Ωd3/3)
≈ 900 Gpc−3yr−1. (1)
This rate is only accurate to an order of magnitude due
to uncertainties in estimating its time scale, galaxy se-
lection, and human bias. We conservatively define the
rate constraint as a 95% confidence interval on a Poisson
rate of 50–4200 Gpc−3 yr−1 (Gehrels 1986).
For comparison, the rate of on-axis long GRBs
(LGRBs) with EK & 1051 ergs is RLGRB(z = 0) ≈ 0.3
Gpc−1 yr−1 (Guetta et al. 2005). For a beaming-
correction of f−1b = 200 (Goldstein et al. 2016), we
expect a true off-axis LGRB rate of Roff−axis LGRB ≈
60 Gpc−3yr−1. This rate is consistent with the esti-
mated rate for J1419+3940-like transients.
3.5. Summary
J1419+3940 is a radio transient characterized by:
• association with a star-forming region in a dwarf
galaxy,
• a peak transient luminosity at 1.4 GHz of 2 ×
1029 erg s−1 Hz−1 or νLν & 3× 1038 erg s−1,
• a radio peak lasting > 1.5 yr and detections span-
ning 21.5 years,
• a radio spectral index (Sν ∝ να) that evolves from
> +0.6 at peak to ∼ −0.6 at late times,
• no associated gamma-ray burst, and
• an inferred rate between 50 and 4200 Gpc−3 yr−1
(95% confidence interval).
The location of the transient at the edge of its host
argues that it is not associated with some exceptional
flare from an active galactic nucleus. Extreme scattering
events and other radio propagation-related phenomena
have not been observed to magnify to the degree seen
for J1419+3940 (Bannister et al. 2016), so we conclude
that it is likely an energetic transient.
The peak detected radio luminosity of J1419+3940
exceeds that of supernovae associated with low circum-
burst densities, such as SN Ibc (< 1028 erg s−1 Hz−1 on
timescales of 1 to 30 years; Soderberg et al. 2006, 2010),
SN Ia (< 1025 erg s−1 Hz−1; Chomiuk et al. 2012), and
short GRBs (< 1029 erg s−1 Hz−1 on timescales of years;
Metzger & Bower 2014; Fong et al. 2016). The long
timescale of J1419+3940 is similar to that observed for
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supernovae in dense environments (e.g., SN IIp and IIn;
Weiler et al. 1991; van Dyk et al. 1996; Chandra et al.
2015), but those systems are less luminous.
The limits on radio timescale and luminosity of
J1419+3940 are consistent with observations of long
GRBs (Weiler et al. 2002) and TDEs (Berger et al. 2012;
Alexander et al. 2016), and with theoretical predictions
for the class of transients powered by magnetar spin-
down (e.g., Metzger et al. 2015a; Murase et al. 2016;
Metzger et al. 2017; Margalit et al. 2018). The host
galaxy is similar to those known to host long GRBs and
superluminous supernovae (Fruchter et al. 2006; Lunnan
et al. 2015).
Finally, we note that there may be two radio transients
with measured luminosities that are potential analogs to
J1419+3940. J060938–333508 was a transient detected
in a single epoch of a 843 MHz survey of the southern sky
(Bannister et al. 2011). It is seen in projection on the
disk (non-nuclear) of a galaxy at z = 0.037, implying a
luminosity 6×1029 erg cm−2 s−1 with an unconstrained
time scale. Second, Yin (1994) discovered Markarian
279A, a radio transient with peak luminosity 1×1029 erg
s−1 Hz−1 that dropped to half peak after ∼2 years at
1.4 GHz. No optical or high-energy transient has been
associated with either of these events.
4. TRANSIENT ORIGIN
In this section we consider possible origins of J1419+3940.
We begin with most commonly considered type of ex-
tragalactic radio transients, namely that created as the
high-velocity ejecta from an explosive event, such as
a GRB, interacts with its gaseous external environ-
ment. Then, we explore an alternative hypothesis that
J1419+3940 is the young wind nebula of a compact
object, such as a flaring magnetar, embedded within a
slower-expanding supernova ejecta shell.
4.1. Synchrotron Blast Waves
4.1.1. General Considerations
Metzger et al. (2015b) derive general constraints on
the light curves of synchrotron radio transients from ex-
plosions interacting with a gaseous external medium.
They consider the ejection of material with a kinetic
energy of EK = 10
51EK,51 erg and an initial velocity of
vi = βic (corresponding to an initial Lorentz factor of
Γi = [1− β2i ]−1/2), into an ambient medium of constant
density n = 1n0 cm
−3. The ejecta transfer their energy
to the ambient medium on a deceleration timescale:
tdec ≈ Rdec/2cβiΓ2i ≈ 115 d E1/3K,51n−1/30 β−5/3i Γ−8/3i .
(2)
where Rdec is the characteristic radius at which the
ejecta have swept up a mass ∼ 1/Γi of their mass. The
timescale tdec defines a lower limit on the rise time to
peak for radio transients (see below).
If the observing frequency (νobs = 1.4 ν1.4 GHz) is
located above both the synchrotron peak frequency (νm)
and the self-absorption frequency (νa), then the peak
brightness is achieved at tdec, and is given by (Nakar &
Piran 2011),
Fν,dec ≈ 70 mJy EK,51n4/50 6/5e,−14/5B,−2β9/4i ν−0.61.4 , (3)
where we have scaled the distance to that of J1419+3940.
We make the standard assumption that electrons are ac-
celerated at the shock front into a power-law distribution
in momentum with slope p (as predicted by the theory of
Fermi acceleration at shocks; Blandford & Eichler 1987)
and that B = 0.01 B,−2 and e = 0.1 e,−1 are the frac-
tions of post-shock energy in the magnetic field and rel-
ativistic electrons, respectively. We have taken p = 2.2
for consistency with the late-time 1.4/3 GHz spectral
index of J1419+3940, assuming it arises from optically-
thin synchrotron emission with Fν ∝ ν−(p−1)/2. The
rise time can be longer than tobs, and the peak flux
somewhat lower, at observing frequencies below the
self-absorption frequency
νsa(tdec) ≈ 0.75GHzE0.11K,51n0.550 0.39e,−10.34B,−2β1.23i (4)
Relativistic transients, such as GRBs and jetted
TDEs, produce ultra-relativistic ejecta in tightly col-
limated jets. Less relativistic transients produce es-
sentially spherical ejecta with isotropic emission at all
times. However, relativistic transients viewed in an
initial off-axis direction can also be approximated as
being spherically symmetric once the shocked matter
decelerates to sub-relativistic velocities and spreads lat-
erally into the observer’s line of sight (e.g., Zhang &
MacFadyen 2009; Wygoda et al. 2011). At this point
the radio emission is no longer strongly beamed, and
tdec and Fν,dec can be approximated using a mildly-
relativistic value βi ≈ 0.5.
We focus our analysis of J1419+3940 on the case of
non-relativistic ejecta, or an initially relativistic but off-
axis jet. At the relatively low observing frequencies of
interest, an off-axis viewing angle is the most likely con-
figuration for a volume- or flux-limited sample of radio
transients (Metzger et al. 2015b). From Equation (3),
we then see that for the fiducial values of the micro-
physical parameters and an external density n0 ∼ 1−10
cm−1 typical of the average interstellar medium (ISM)
of a star-forming galaxy or the circumburst environ-
ment of a massive star, explaining the peak 1.4-GHz
flux & 20 mJy for J1419+3940 requires an initially
relativistic explosion (βi ≈ 0.5) with a kinetic energy
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EK ∼ 3×1050−3×1051 erg. We can also place an abso-
lute lower limit of EK ∼ 1049 erg for the case of equipar-
tition (e = B ∼ 0.5). For such parameters, the pre-
dicted rise-time for an off-axis event is tdec ∼ 0.1− 1 yr
(Equation [2]). The predicted self-absorption frequency
νsa(tdec) & 0.3− 3 GHz (Equation [4]), below which one
predicts a spectral turnover to Fν ∝ ν2, is also consistent
with the early-time non-detection of J1419+3940 at ν ≤
350 MHz. The fact that the self-absorption frequency is
close to the 1.4 GHz band at the discovery epoch around
1994 also suggests the transient was detected close to its
peak; although a nice consistency check, this makes the
earlier archival upper limits (e.g., < 25 mJy at 4.85 GHz
in 1987) relatively unconstraining.
Alternatively, the peak flux could be consistent with a
spherical non-relativistic explosion βi  1 with a larger
energy EK ∼ 4 × 1051erg n−4/50 (βi/0.3)−9/4. An ex-
ample of such a transient is the ejecta from a neutron
star merger (βi ∼ 0.1 − 0.3), possibly energized by a
long-lived magnetar remnant (Metzger & Bower 2014).
The rate of neutron star mergers of 1540+3200−1220 Gpc
−3
yr−1 inferred from the discovery of GW170817 (Abbott
et al. 2017) agrees with that of J1419+3940 (see §3.4).
However, one reason to disfavor this scenario as com-
pared to the long GRB case is the the small size of the
star-forming host of J1419+3940; the lowest measured
host galaxy mass of a short GRB is 108.8M (Leibler
& Berger 2010), an order of magnitude larger than the
host of J1419+3940.
4.1.2. GRB Afterglow
Based on arguments given above, the peak flux and
characteristic timescale of J1419+3940 are broadly con-
sistent with arising from a blast wave of energy and ex-
ternal density similar to those which characterize long-
duration GRB jets. The long GRB scenario also agrees
with the otherwise peculiar host galaxy properties of
J1419+3940 and, albeit marginally, estimates of the oc-
currence rate for off-axis events (§3.4).
To explore this connection in greater depth, Figure 3
compares the multi-band light curves of J1419+3940 to
theoretical predictions for GRB afterglows based on rel-
ativistic hydrodynamical simulations of a relativistic jet
interacting with a constant density ISM from the after-
glow library models of van Eerten et al. (2012), modified
as described by Sironi & Giannios (2013) (see below).
We explored a range of parameters and tested for con-
sistency with the peak luminosity, timescale of evolu-
tion, early-time spectral index, and late-time decay. We
find reasonable agreement between radio measurements
at 0.35, 1.4, and 3.0 GHz and models for assumed mi-
crophysical parameters e = 0.1, B = 0.025, electron
spectral index p = 2.2, external density n = 10 cm−3,
and isotropic jet energy Eiso = 2 × 1053 erg, the lat-
ter corresponding to a beaming-corrected jet energy of
EK ≈ 1051 erg. All of these parameters are well within
the range of those inferred by modeling the afterglows of
on-axis cosmological long GRBs (e.g., Ryan et al. 2015).
The implied time of the burst from these models ranges
from a few months to a year prior to the first VLA epoch
in late 1993.
The observer viewing angle relative to the jet axis,
θobs, is not well-constrained by the data, as its value is
somewhat degenerate with the assumed microphysical
parameters; our “best fit” model shown in the top panel
of Figure 3 has θobs ≈ 0.6, but as shown in the bottom
panel, a range of other values θobs . 1.0 can also work
given the uncertainties. The stronger evidence for an off-
axis viewing angle comes from the lack of a coincident
GRB (§3.3), and from the overall much higher geometri-
cal probability of seeing an off-axis event ∝ 1− cos θobs.
One exception to the generally good afterglow fits
is the most recent 3 GHz non-detection by VLASS,
which requires a ∼ 50% drop in flux over a baseline of
just two years from the prior detection. Such a rapid
change is challenging to explain in afterglow models;
even large discontinuities in the ISM density produce
at most order-unity changes in flux (Mimica & Giannios
2011), but only over timescales comparable to the source
age, which in this case is & 23 years. Alternatively, this
flux drop may be a sign of scintillation-induced fluctu-
ation. Reanalysis of VLASS data or new observations
are needed to confirm the flux drop.
If J1419+3940 is indeed a GRB afterglow, its nearby
distance and long observational baseline as compared
to cosmological GRBs enables an unprecedented test of
the late-time behavior of afterglow light curves. The
standard prediction for late time decay is (Frail et al.
2000, 2004):
Fν ∝ t−3(5p−7)/10 ≈
p=2.2
t−1.2 (5)
where we have again used p = 2.2 for consistency
with the late-time 1.4/3 GHz spectral index. How-
ever, these models do not generally include the late-
time flattening of the radio light curve which is ex-
pected as the blast wave enters the so-called “deep
Newtonian” regime (Sironi & Giannios 2013). In the
deep Newtonian regime, which happens after a timescale
tDN ≈ 2.1 yrE1/3K,51n−1/30 5/6e,−1, the bulk of the shock-
accelerated electrons turn non-relativistic and the the-
ory of Fermi acceleration at shocks (Blandford & Eich-
ler 1987) predicts that the electron spectrum should be
a power-law distribution in momentum rather than en-
ergy. In that case, the light curve is predicted to decay
10 Law et al.
102 103 104
Days since explosion
100
101
102
103
Fl
ux
 d
en
sit
y 
(m
Jy
)
0.35 GHz
1.4 GHz
3.0 GHz
28
29
30
31
lo
g 
Lu
m
in
os
ity
 (e
rg
/c
m
2/
Hz
)
102 103 104
Days since explosion (for obs = 0.6 rad)
100
101
102
103
Fl
ux
 d
en
sit
y 
(m
Jy
)
obs=0.6 rad; no DN
obs=0.0 rad
obs=1.0 rad
obs=0.6 rad
28
29
30
31
lo
g 
Lu
m
in
os
ity
 (e
rg
/c
m
2/
Hz
)
Figure 3. Radio light curve of J1419+3940 starting in 1993
compared to GRB afterglow models that include deep New-
tonian corrections (van Eerten et al. 2012; Sironi & Giannios
2013). (Top) The measurements are shown with red, yel-
low, and cyan representing 0.35, 1.4, and 3.0 GHz fluxes,
respectively. The lines use the same color scheme and show
the model fluxes for a GRB viewing angle θobs = 0.6 rad
with explosion date 83 days before the first measurement
in late 1993. The isotropic energy is Eiso ≈ 2 × 1053 erg
(giving a beaming-corrected energy of EK ∼ 1051 ergs), con-
stant ISM density n = 10 cm−3, electron index p = 2.2, and
microphysical parameters e = 0.1, B = 0.025. (Bottom)
A set of afterglow models is compared to measurements at
1.4 GHz. The θobs = 0.6 rad model is the same as in the top
panel and defines the x-axis labels. The dashed line shows
1.4 GHz predictions without corrections for the deep New-
tonian phase. The cyan and red lines show how the 1.4 GHz
predictions change for viewing angles of 0.0 (on axis) and
1.0 rad, respectively. The explosion dates are set to fit to
the first 1.4 GHz measurement and occur 45 and 180 days
before that measurement, respectively.
as a shallower power-law given by
Fν ∝ t−3(p+1)/10 ≈
p=2.2
t−0.96, (6)
where p is the electron distribution power-law slope.
The bottom panel of Figure 3 shows that, if we were
to neglect the physically-motivated deep Newtonian cor-
rection, our model would underpredict the late-time
1.4 GHz flux measurements by nearly a factor of 2. Our
observations of J1419+3940 may thus provide some of
the first evidence that GRB afterglows decay at late-
times in a way consistent with predictions for the deep
Newtonian regime (Sironi & Giannios 2013).
4.2. Magnetar Birth Nebula
Our discussion thus far has focused on radio tran-
sients from an external blast wave interacting with sur-
rounding gas. Alternatively, J1419+3940 could be fad-
ing emission from the wind nebula powered by a young
compact object, such as a flaring magnetar, embed-
ded behind the ejecta of a decades-old supernova rem-
nant (Metzger et al. 2014; Murase et al. 2016; Metzger
et al. 2017; Omand et al. 2018; Margalit et al. 2018).
While these transients are luminous, their long evolution
timescale has made it hard to constrain this population.
Indeed, such a model was proposed in the context of the
quiescent radio source discovered to be spatially coin-
cident with the repeating fast radio burst FRB 121102
(Chatterjee et al. 2017; Metzger et al. 2017), the search
for which was the original motivation of Ofek (2017) that
led to the identification of J1419+3940.
In this model, the 1.4 GHz radio emission is ob-
scured by free-free absorption through the supernova
ejecta shell for the first couple of decades of its evolution
(e.g. Connor et al. 2016; Piro 2016; Margalit et al. 2018),
so its explosion would be significantly earlier than im-
plied in the GRB afterglow model. The non-detection
at lower frequencies ν ≤ 350 Hz around the time of the
1.4 GHz peak flux (just after the ejecta shell has become
transparent at this frequency) is also consistent with the
ν−2 dependence of the free-free opacity.
The evolution and spectrum of the radio light curve
in this model is uncertain, as it depends on poorly un-
derstood details of the rate at which magnetic fields and
electrons are injected into the nebula (e.g. Margalit et al.
2018). Nevertheless, the present-day power-law spec-
trum of J1419+3940 between 1.4 and 3 GHz is consistent
with that measured at low frequencies for the quiescent
source of FRB 121102 (Chatterjee et al. 2017). If the
majority of FRBs share the same luminosity function as
FRB 121102, the formation rate of FRB-producing ob-
jects is also consistent, albeit with large uncertainties,
with that of long-duration GRBs and super-luminous su-
pernovae7 for an assumed burster lifetime of decades to
centuries (Lu & Kumar 2016; Nicholl et al. 2017b; Law
et al. 2017). Based on rate considerations, J1419+3940
7 Superluminous supernovae have a rate of ≈ 30 Gpc−3 yr−1
in the local universe (Prajs et al. 2017)
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therefore also seems consistent with this model. This
model predicts that J1419+3940 is a source of FRB
emission and would be detectable if beamed in our di-
rection. Future monitoring of this source is strongly
encouraged.
5. CONCLUSIONS
We have discovered a decades-long, luminous radio
transient, FIRST J141918.9+394036, likely hosted by
the dwarf galaxy SDSS J141918.81+394035.8 at a red-
shift z = 0.01957. The energy, timescale, host galaxy,
and other properties of J1419+3940 suggest that this
source is most likely an off-axis long duration GRB. If so,
the slow (∼ t−1) decay of the radio afterglow confirms
predictions for shock physics at late times (Sironi & Gi-
annios 2013). The energetics of the transient are also
consistent with the ejecta from a binary neutron star
merger, though the small host galaxy would be in ten-
sion with the hosts seen for short duration GRBs, which
are typically ∼ 100 times more massive. We also discuss
the more speculative possibility that J1419+3940 is a
wind nebula produced in the aftermath of a magnetar-
powered supernova. While the energy output of a new-
born magnetar is poorly constrained by previous obser-
vations, such a scenario is also consistent with the lumi-
nosity, duration, and radio flux decay for J1419+3940.
The detection of the radio afterglow of an orphan GRB
would be the first of its kind (see also Cenko et al. 2013,
2015) and improves the prospects for radio discovery of
extragalactic transients. We note that J1419+3940 was
not identified as a transient or variable in comparisons
of the FIRST and NVSS radio sky surveys (Levinson
et al. 2002; Ofek & Frail 2011) because the two surveys
happened to observe this slowly-evolving source within
a few months of each other. This implies that published
limits on radio transient event rates may be weaker than
claimed for decades-long transients like J1419+3940.
Furthermore, the brightness and proximity of J1419+3940
implies that it has a relatively high volumetric rate, po-
tentially in tension with predictions for orphan-GRB
afterglows. We estimate that J1419+3940 could have
been detected if its peak brightness was as low as 4 mJy,
equivalent to a 2.5× larger distance. This implies that
there may be an order of magnitude more such “anti-
transients” to be found as FIRST sources that disappear
in the VLASS and a comparable number of transients
turning on in new observations. The chance of discovery
will be improved with larger spectroscopic galaxy sam-
ples, better identification of non-nuclear radio sources,
and integration of archival radio surveys with the search
process. New searches for J1419+3940-like radio tran-
sients will improve the rate estimate and may reveal
that it is inconsistent with that of orphan GRBs.
Independent of the progenitor model, J1419+3940 is
the oldest and best-localized luminous radio transient.
That makes it a good place to search for remnants,
since the ejecta should be transparent to free-free ra-
diation. An FRB search may find bursts regardless of
whether it is an GRB afterglow or magnetar wind neb-
ula. Milliarcsecond-resolution imaging could distinguish
GRB from magnetar models by measuring the size of
the late-time radio emission. New measurements of the
late-time radio flux of J1419+3940 are needed to better
measure its late-time radio decay and to properly search
for scintillation. The presence of refractive scintillation
at GHz frequencies is sensitive to spatial structure on a
size scale of 10 to 100 µas and would help distinguish
between the afterglow and magnetar wind nebula mod-
els.
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